A mathematical method for extracting cell secretion rate from affinity biosensors continuously monitoring cell activity Our laboratory has previously developed miniature aptasensors that may be integrated at the site of a small group of cells for continuous detection of cell secreted molecules such as inflammatory cytokine interferon gamma (IFN-c). In a system such as this, the signal measured at the sensor surfaces is a complex function of transport, reaction, as well as of cellular activity. Herein, we report on the development of a mathematical framework for extracting cell production rates from binding curves generated with affinity biosensors. This framework consisted of a diffusion-reaction model coupled to a root finding algorithm for determining cell production rates values causing convergence of a predetermined criterion. To experimentally validate model predictions, we deployed a microfluidic device with an integrated biosensor for measuring the IFN-c release from CD4 T cells. We found close agreement between secretion rate observed theoretically and those observed experimentally. After taking into account the differences in sensor geometry and reaction kinetics, the method for cell secretion rate determination described in this paper may be broadly applied to any biosensor continuously measuring cellular activity. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
There has been significant interest in developing biosensors that produce signals in reagentless and label-less manner. In addition to surface plasmon resonance (SPR), quartz crystal microbalance (QCM), and other sensing techniques that do not use labels altogether, [1] [2] [3] there are a number of beacon technologies that employ labels to transduce biological event into an optical or electrical signal. 4 These beacons emit signal directly upon the binding of target analyte without the need for additional reagents or labels. Aptamer beacons are one category of reagent-less beacons. 5, 6 A particularly promising direction is to employ aptamers in place of antibodies for affinity sensing strategies that report on the presence of analytes such as proteins. [7] [8] [9] [10] [11] [12] [13] In contrast to antibody-based immunoassays, aptamer-based affinity assays detect presence of target proteins directly, without the need for multiple washing and labeling steps and also provide dynamic information about protein binding. 14, 15 The amount and the type of molecules secreted into the extracellular space may be used to infer about cell phenotype, differentiation, and response to injury. Immunology, in particular, is heavily reliant on monitoring cellular secretion of proteins to determine cell functions (e.g., T helper or macrophage types). [16] [17] [18] In light of this, there has been an increased interest in developing biosensors for local and dynamic detection of cell secreted factors. The examples include the development of microenvgraving system for detecting cytokine release from single immune a) Authors to whom correspondence should be addressed. Electronic addresses: ydgao@ucdavis.edu and arevzin@ucdavis.edu. [22] [23] [24] Given the dearth of approaches for determining dynamics of cell secretions, the biosensing technologies hold considerable promise for determining when cell secretion commences and how it changes over time. Several groups have reported to dynamically monitor cellular release of molecules by a continuous-flow microfluidic system. [25] [26] [27] [28] [29] [30] [31] Sample was collected from cultured cells and analyzed with an on-line enzyme assay. Without complicated microfluidic design and connections, our laboratory has described microsystems integrating aptamers with microfluidics for continuous monitoring of inflammatory cytokines released by small groups of cells. [32] [33] [34] However, determining changes in cell secretion rate over time has remained a challenge. The complexity lies in the fact that the signal recorded by the affinity biosensor is a function of multiple factors, including cell secretion rate, protein concentration, transport, and surface reaction. Fig. 1(a) shows pictorially the factors that need to be considered in order to determine cell secretion rate.
In this paper, we describe a mathematical method for deriving secretion rates from aptasensor binding curves. This method couples diffusion-reaction modeling with root finding algorithm for determining secretion for defined time increments. To validate this mathematical framework, we used aptasensors for detection of inflammatory cytokine interferon gamma (IFN-c)-a technology that is well established in our lab. 12 Sensing electrodes were integrated with reconfigurable microsystem shown in Figs. 1(b) and 1(c) to allow breaking up cell secretion experiments into precise time increments through a series of detect-and-regenerate steps. The secretion rates determined experimentally in reconfigurable microfluidic devices were consistent with rates determined mathematically, validating utility of our approach.
II. MATERIALS AND METHODS

A. Chemicals and materials
1Â phosphate-buffered saline (PBS) without calcium and magnesium, Na 4 EDTA, KHCO 3 , NH4Cl, anhydrous toluene, 11-Mercaptoundecanoic acid (MUA), 200-proof ethanol, urea, 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sodium bicarbonate (NaHCO 3 ), 6-mercapto-1-hexanol (MCH), and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO). Chromium etchant (CR-4S) and gold etchant (Au-5) were purchased from Cyanteck Corporation (Fremont, CA). Positive photoresist (S1813) and developer solution (MIF-318) were purchased from Dow Chemical (Marlborought, MA). 
B. Preparation of MB-tagged aptamer
The MB-tagged aptamer was prepared using a procedure similar to that described previously. 12, 33 Briefly, NHS-labeled MB was conjugated to the 5 0 -terminal of an amino-modified DNA aptamer through succinimide ester coupling. After reaction, the sample was filtered using a centrifugal filter. The stock aptamer solution (50 lM) was stored at À20 C for future use.
C. SPR analysis
SPR experiments were performed using BI-3000 SPR system (Biosensing Instrument, Inc., Tempe, AZ) and BI untreated gold sensor chips. 1 lM MB-tagged aptamer was diluted in HEPES buffer and incubated on the sensor chip overnight at 4 C. The sensor chip was washed with HEPES buffer three times and then incubated with 3 mM MCH for 1 h at room temperature. After rinsing with HEPES buffer, the sensor chip was mounted on the SPR system as the instruction manual. Recombinant IFN-c solutions ranging from 0.1 lg/ml to 5 lg/ml were prepared in HEPES buffer and injected in the analyte channel with a contact time of 240 s, dissociation time of 360 s, and a flow rate of 30 ll/min. All experiments were conducted at 25 C and repeated in triplicate. The sensorgrams were fitted globally using the BI kinetics analysis program. The association rate (k on ), dissociation rate (k off ), and binding constant (K d ) were derived from the fitted curves.
D. Fabrication of micropatterned electrodes
The electrodes were fabricated using standard photolithography and metal-etching process. Glass slides coated with 15 nm Cr adhesion layer and 100 nm Au layer were purchased from Lance Golddard Association. A protection photoresist layer was spin coated at the speed of 2000 rpm. After baking for 1 min at 115 C, the pattern was exposed under UV through a plastic photomask and then developed in MF-319 buffer. Subsequently, the slides were immersed in Au and Cr etching buffer to create the electrodes. Each Au electrode was 300 lm in diameter and was connected to a 2 mm Â 2 mm square contact pad via a 20 lm wide lead. The substrates were sonicated in acetone, followed by de-ionized (DI) water, to remove the photoresist and then dried by nitrogen for future use.
E. Fabrication of microfluidic device
The microfluidic platforms were fabricated by standard soft lithography techniques using replica molding. 35, 36 Two layers of PDMS were used to form the valve-enabled device as described previously. 37, 38 After the solidified PDMS were peeled from their molds, a sharp metal puncher was first used to generate holes for the microbore tubes in the second PDMS layer. The first and the second PDMS layers were then bonded together after treatment by oxygen plasma. A strong irreversible bonding was formed in this way to sustain a high pressure in the control chamber. Holes for inlets and outlets were then punched through both layers. The PDMS piece was finally bonded to substrate with electrodes using negative pressure to form the functional device. 39 
F. Immobilization of aptamer on gold electrodes
Prior to immobilization, aptamer stock solution was reduced in 10 mM TCEP for 1 h to cleave disulfide bonds. The MB-tagged aptamer was diluted in HEPES buffer to 1 lM and then flow into the microfluidic channels. The whole device was placed in 4 C refrigerator overnight for immobilization. The microfluidic channel was washed with HEPES buffer three times and then incubated with 3 mM MCH for 1 h at room temperature. After rinsing with HEPES buffer, the microfluidic device was ready for electrochemical experiments.
G. Electrochemical detection
Electrochemical measurements were carried out using a CHI 842B potentiostat (CH Instruments, Austin, TX) as described previously. 33 The electrochemical cell consisted of a flow-through Ag/AgCl reference electrode inserted at the outlet, a Pt wire counter electrode placed in the inlet of the microfluidic device, and Au working electrode inside the microfluidic channel. The electrode arrays were connected to the potentiostat via the contact pads. Square Wave Voltammetry (SWV) scans were performed at a frequency of 60 Hz over the range from À0.1 to À0.50 V. The potentiostat was connected to the computer via ER-16 electromechanical relay (National Instruments, TX). A program was written in Sikuli to interface the NI software and CHI software which allows for controlled switching between different pair of working/ reference electrodes and taking measurements at defined time intervals.
H. Capture of CD4 T cells and detection of IFN-c release
After immobilizing MB-labeled IFN-c aptamer onto gold, anti-CD4 Ab (0.1 mg/ml) was first flowed in the channel to coat on the surface for 1 h. Human lymphocytes were prepared as described previously. 33 The cells were introduced into the channel at a flow rate of 5 ll/min. After CD4 T cells were captured, the protection microcups were lowered to protect cells by increasing the pressure into the control chamber. Subsequently, 7M urea buffer was loaded into the channel to remove cells remaining outside of the microcups. After rinsing with low-serum RPMI media, the microcups were lifted up by releasing the pressure in the control chamber. As a result, a small population of CD4 T cells was confined next to an electrode. The microfluidic channel was then filled with mitogenic agent to activate cells for electrochemical production. The mitogenic solution consisted of PMA and ionomycin dissolved to concentration of 50 ng/ml and 1 lg/ml, respectively, in low-serum RPMI 1640 media.
This microsystem was operated in either continuous or discontinuous (phased) mode. In continuous mode, microcups were permanently raised and the electrode was exposed to cellsecreted cytokine molecules for the duration of experiment (Figs. 2(a) and 2(c) ). In this mode, SWV measurements were taken every 10 min for up to 2.5 h post stimulation. In phased mode, the sensing electrodes were exposed to cell-secreted cytokines for 30 min after which the microcups were lowered to protect the cells and the electrodes were regenerated by flushing the channel with 7M urea buffer ( Fig. 2(d) ). We have previously developed this device in order to enable selective exposure of the aptasensor to denaturation buffers (e.g. 7M urea) without harming the neighboring cells, regenerating the sensor and extending the duration of cell sensing experience. 34 After rinsing the chamber with low-serum RPMI media, the cell protection cups were raised again to restart IFN-c monitoring. The process of IFN-c signal collection followed by electrode regeneration was repeated four times. We chose to utilize this device in the present paper because it allows to break a cell secretion monitoring experiment into several time segments and to determine secretion rate for each segment. Thus, the device mimics experimentally the theoretical algorithm being developed in this paper.
I. Numerical simulations
COMSOL Multiphysics 4.3a and Livelink
V R for Matlab (COMSOL, Inc., Los Angeles, CA) were used to solve the partial differential equations relating diffusion and surface binding. A Matlab script was written to set up the COMSOL model and utilize the root-finding algorithm. In constructing the model, we use the geometry and sensor configuration of the actual sensing devices used for experimental verification. The main model parameters are listed in Table I .
III. MATHEMATICAL MODEL A. Reaction-diffusion model
We first developed a numerical model that accounts for the secretion of cytokine from cells, the transport of those cytokines in the microfluidic channel, and the binding of those cytokines to the aptamers immobilized on the electrode surface. Since the microfluidic channel is sealed during the experiment, the convection was assumed to be negligible. Diffusion-based transport was governed by the following equation:
where C is the concentration of cytokine in the media and D is the diffusion coefficient of the cytokine. The binding of secreted cytokine molecules to the aptamer layer was modeled by the first-order Langmuir kinetics, 
where B is cytokine-aptamer complex on the sensor surface; A 0 is the initial surface concentration of aptamer; and k on and k off is the association and disassociation constant, respectively. The surface reaction and bulk diffusion are coupled together through the boundary condition on the sensor surface
where ÀD @C @n is the molar flux of C normal to the sensor surface (n is the outward normal). In the cell detection process, we assume that the initial cytokine concentration in solution and on the sensor surface after stimulation is zero. Therefore, the initial condition is C ¼ 0 and B ¼ 0 at t ¼ 0. There is an additional boundary condition accounting for cytokine secretion from cells,
where _ r is the cell secretion rate and N c is the total number of cells captured in the antibody coated region A c . The measured signal S(t) is the integration of the ratio of bound molecules to total available binding cites over the whole sensor surface X (Ref. 44 ),
B. Root-finding algorithm
The mathematical model described above is set up in COMSOL Multiphysics. The geometry and parameters, such as D, k on , k off , A 0 , and _ r, are all known and are input into the model. The simulation software (COMSOL) solves these equations and calculates the concentration field (C) in the fluidic domain and cytokine-aptamer complex (B) on the sensor surface. The resulting signal obtained according to Eq. (5) becomes a complex function depending on the model parameters,
The secretion rate _ r is one of model parameters and its value is unknown. In order to determine the value of _ r for which Eq. (6) is satisfied, we set up a root-finding algorithm to solve this equation numerically.
Our strategy for finding the root for Eq. (6) is shown in Fig. 3(a) . Starting from a known concentration field at t 1 which was either the initial condition or the result from last simulation, a trial secretion rate was estimated to be constant during the time interval from t 1 to t 2 . After inputting these parameters in COMSOL, the diffusion equation was solved and concentration field (C) and surface binding (B) at time t 2 were determined. The simulated signal was calculated according to Eq. (5). We then compared the calculated signal with the measured signal at time t 2 . If these two signals were close enough to fall within a predetermined criterion, the estimated secretion rate was accepted; otherwise a new estimation was generated and the whole procedure was repeated until an acceptable secretion rate was obtained. The convergence criterion is that kS À S exp k < S exp , where S exp is the signal from experiment and was chosen as 10 À4 in this paper. The critical question was how to generate a new estimated value based on previous information? Because the functional form and the derivative of F in Eq. (6) are unknown, a numerical root-finding approach, Brent's method, 45 was used to find the value of _ r. It combines root bracketing, bisection, and inverse quadratic interpolation and converges quickly. However, Brent's algorithm requires a sign change over an interval which means that two trial rates are found. One rate results in the value of S that is larger while the other rate produces S value that is smaller than the experimental value S exp . The solution is "bracketed" in this interval between the two secretion rate values. To resolve this, we also included the secant method. 46 If there is no sign change over the initial guessed interval, secant method runs until convergence or finding a sign change. If a bracket is found, Brent's method will take over to find the root inside the bracket.
In this model, the previous secretion rate was used as the starting point to determine the secretion rate over next time interval. For the first time point, we used 0.0079 pg/h/cell a value that was determined by us previously using constant rate assumption. 33 Livelink for MATLAB integrates COMSOL Multiphysics with MATLAB to extend user's modeling ability. We wrote a MATLAB script to utilize the modified Brent's method. The script was used to set up a COMSOL model, manipulate the program flow, and analyze results in the MATLAB scripting environment. This modular programming technique allows us to separate the functionality of the program into two independent modules (Fig. 3(b) ), which makes it convenient to improve our method in future development. For example, other root-finding algorithm can easily replace the Brent's method used in this work. Taking advantage of COMSOL 
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Multiphysics, more complicated models such as those including convection or activator/inhibitor in reaction can be implemented in the future studies.
IV. RESULTS AND DISCUSSION
The goal of this study was to develop a mathematical method to convert dynamic signal from reagent-less affinity biosensor into dynamic cell secretion rate. The resultant method allows quantifying up and down changes in cell secretion from the shape of the binding curve measured by the affinity biosensor placed next to the cells.
A. Kinetics parameters
The IFN-c cytokine-aptamer interactions were first characterized by SPR to determine reaction constants that could later be used for constructing reaction-diffusion model. Thiolated aptamers were immobilized on SPR sensing chips and then challenged with varying concentrations of IFN-c. Each sensing chip corresponded to one concentration. Fig. 4 shows average of three responses to each concentration. Those curves were fitted by first-order reaction model using the BI kinetics analysis program (Scrubber). The association rate, k on , was determined to be 1.38 Â 10 5 1/sÁM and disassociation rate, k off , was 6.339 Â 10 À5 1/s. The equilibrium constant, K d ¼ 0.46 nM, is similar to the value of 0.34 nM we reported previously. 12 
B. Testing algorithm validity with simulated secretion profiles
We first carried out studies based on simulated sensor signals to test the ability of our rootfinding algorithm to identify secretion rates. The geometry and dimensions used in simulations are shown in Fig. 5(a) . Cells were assumed to be captured in a ring-shaped region (gray area) with electrode located in the middle (gold circle). A secretion pattern was prescribed and the sensor signals were obtained using COMSOL model. The sensor signals were entered into our MATLAB script to calculate the secretion rate without any information of the prescribed secretion pattern. The MATLAB script gave us a series of calculated secretion rates. By comparing calculated secretion rates to the prescribed ones, we found that the root-finding algorithm could successfully retrieve the prescribed secretion rates even the secretion pattern was complicated. 
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Gao et al. Biomicrofluidics 8, 021501 (2014) 120 min in Fig. 5(f) , indicating two secretion pulses. However, the derivative of the sensor signal cannot be simply used to determine the secretion rate. While the secretion rate is the release rate of molecule from the cell capture region, the derivative of signal reflects the influx of molecules to the sensor. Their relationship is not always linear and affected by other factors such as the existing molecules in the environment. An example was shown in Figs. 5(f) and 5(g). While the cells stop secretion after 150 min, the signal still increased because of existing molecules in the domain.
C. Using microfluidic device with integrated aptasensors to experimentally test model validity
In order to experimentally verify validity of the algorithm for determining secretion rates, we set up a series of experiments using reconfigurable microfluidic devices with integrated aptasensors for IFN-c detection. 34 These devices, described diagrammatically in Figs. 1(b), 1(c), and 2, allowed to place a small group of T cells in the proximity of a miniature IFN-c aptasensor and to detect release of this cytokine. The devices could be reconfigured, with microstructured roof descending onto the cells, stopping diffusion of IFN-c and isolating cells from the rest of the microfluidic device (Fig. 2) . The actuation of the device was used to chemically regenerate the sensor without affecting (lysing) nearby cells. Thus the device could operate in two modes: (1) continuous detection of cell-secreted IFN-c and (2) discontinuous detection of cell-secreted signal with a series of sense-regenerate cycles. is shown in Fig. 6(b) . In the previous studies, our approach was to assume a constant secretion rate and then determine this secretion rate by feeding prediction rates into reaction-diffusion model and looking for best fit to experimental data through least squares approximation. Red line in Fig. 6(b) shows how prediction of single secretion rate ( _ r ¼ 0:012pg=h=cell) fits with experimental data. While the fit is satisfactory, single rate prediction underestimates early signals and overestimates late signals.
Applying newly developed algorithm, we obtained multiple secretion rates based on the binding curve shown in Fig. 6(b) . In the results presented in Fig. 6(c) , the secretion rate was assumed to be constant over a 10 min time interval so that a new rate was calculated for each new time interval. As seen from these data, the production of IFN-c was high initially (0.023 pg/h/cell) and decreased over time (0.0045 pg/h/cell at last time points).
To prove validity of dynamic rate determination presented in Fig. 6(c) , we set up an experiment leveraging discontinuous operation mode of the microfluidic device. The algorithm works by determining secretion rates at small time intervals. To mimic this, we employed the reconfigurable microfluidic device to break up cell secretion experiment lasting 120 min into four time intervals. the signal, regenerate the sensor, and then detect again. Secreted IFN-c was allowed to accumulate on the sensor surface for 30 min (signal going up in time interval 1), the device was then reconfigured to protect cells inside the microcups and the sensor was regenerated by infusion of urea buffer. The device was reconfigured once again to raise the microcups and recommence signal accumulation for another 30 min time interval. As shown in Fig. 7(a) , the cycle of signal collection and sensor regeneration was repeated four times. In our previous study, we verified that the reconfigurable device effectively protected cells from the harsh regeneration buffer. 34 We also determined that regeneration efficiency of the sensor surface was nearly 100% for up to eight cycles. Thus, the decrease in IFN-c production from first to fourth time interval should be attributed to lower cell secretion rates. The secretion rates in each time interval were determined by the single-rate method using least squares approximation. The resultant rates are compiled in Table II .
Plotting the secretion rates from Table II alongside the secretion rates extracted mathematically from a single continuous secretion experiment revealed a similar downward trend in the IFN-c production ( Fig. 7(b) ). This provides experimental prove that a mathematical algorithm may be used to determine up and down changes in secretion rates.
One may ask, why develop more involved mathematical methods for rate determination if it is possible to deploy a reconfigurable device and measure the rates experimentally? The mathematical method may provide hundreds or thousands of values over the course of a secretion experiment and obviates the need for frequent actuation of the microfluidic device. In fact, we envision utilizing mathematical model until the sensor reaches saturation at which point reconfigurable device may be used to regenerate the sensor. This may allow us to both quantify cell secretion and extend the time of sensor operation. Furthermore, a similar mathematical algorithm would work in detection experiments and geometries where microfluidic device of this type may not practical.
V. CONCLUSIONS
Given the increasing emphasis on dynamic monitoring of cell activity, we wanted to develop a mathematical framework for determining dynamic cell secretion rates. This framework was comprised of FEM modeling of diffusion-reaction processes coupled to root-finding algorithm. A microsystem with integrated aptasensor for detecting IFN-c release from T cells was employed to experimentally prove validity of the mathematical model. This microsystem was designed to operate in two signal collection modes: (1) continuous where IFN-c released from cells was allowed to accumulate on the sensor surface and (2) discontinuous where signal accumulation was broken down into 4 time intervals. By applying a mathematical algorithm to the continuous detection mode, we were able to extract multiple secretion rates and demonstrate a downward trend in secretion rate over time. By deploying a microfluidic device in a discontinuous operating mode, we determined secretion rates for several time intervals and demonstrated a similar downward trend in the rate of IFN-c release over time, suggesting decrease in cellular production of IFN-c after stimulation. These experiments point to the validity of the newly developed mathematical framework for deriving cell secretion rates from biosensor binding curves. Importantly, the mathematical framework described here is general and, after accounting for the specific geometry and reaction conditions, may be applied to any biosensor continuously measuring molecules being released from cells.
